The nuclear magnetic resonance spectra (31P, 19F) of a variety of compounds containing phosphorus-fluorine bonds have been studied, in continuation of earlier investigations on the same type of compounds.
In a previous publication 1 31P n.m.r. data for a wide variety of phosphorus-fluorine compounds were presented. It was found that 31P chemical shifts ex tend over a range of about 350 p.p.m., and that there is a correlation between c5p and the coordina tion number of phosphorus in the respective com pound. We have now extended our original study to include numerous further examples, some of which had not been available previously. In addition to the 31P spectra, we are now reporting 19F n.m.r data, as well.
Experimental
Synthesis and physical properties of the majority of the compounds under discussion in this paper have been reported 2.
A number of compounds have been included which are either new or have been prepared by alternate routes. Details as to synthesis, physical properties, and compound characterization are included in Table 1 . The usual procedures required in handling air-and/or moisture-sensitive materials were observed in the course of the preparative work. !H n.m.r. spectra, wherever included, were obtained on a Varian Associates A 60 analytical spectrometer at 60 MHz. 31P and 19F n.m.r. spectra were recorded on a Varian Associates HR 60 spectrometer, equipped with a flux stabilizer, at 24.3 and 56.4 MHz, respecti vely. Some 31P and 19F spectra were obtained on a Varian Associates V 4300 B spectrometer at 16.2 and 40 MHz, respectively. Samples for 31P n.m.r. measure ments at 24.3 MHz and for 19F n.m.r. measurements at 56.4 MHz were contained in spinning 5 mm precision tubes. 10 mm non-spinning tubes were used for 31P samples on the V 4300 B instrument at 16.2 MHz, and 5 mm spinning tubes for the 19F measurements at 40 MHz. Throughout this work, Si(CH3) 4 and CFC13 were used as internal reference in the *H and 19F measure ments, respectively. 85 percent phosphoric acid, con tained in sealed capillaries, served as an external re ference (placed inside the n.m.r. tubes) in the 31P measurements. Calibrations to obtain (5f and <5p were carried out by the usual side-band technique whenever the spectra showed fine structure; otherwise the super position technique was used.
Except where stated otherwise, spectra were ob tained on neat samples.
Results

Tricoordinate Phosphorus-Fluorine Compounds
N.m.r. studies of various tricoordinate phosphorusfluorine compounds have been reported in earlier papers *' 3. Data on some additional compounds of this type are included in Table 2 . As was reported earlier, definite trends in (5p, <5p and /pf are notice able on substituting fluorine atoms by R, OR or N R2 groups in the "parent compound" , PF3 . The 1 J. F. N i x o n and R . S c h m u t z l e r , Spectrochim. Acta [Lon don] 20, 1835 [Lon don] 20, [1964 .
Compound Method of Preparation
Reactants [moles] CH3O -P^N (C 
C6H 5P0C12 + CH3OH + NaF" C6H 3P0C12 c h 3o h NaF in 150 ml benzene (0.31) (0.31) (1.15) 
Higher-boiling by-product on preparation of (C2H5)oN • PF47 ' data in Table 2 are consistent with the earlier ob servations 1 that dp decreases as the electronegati vity of the atom directly attached decreases in the series F2PX where X is either R, OR or N R2 . The effects on dp of substituting a fluorine atom by R, OR and N R2 (R = alkyl) are about -157 p.p.m., -16 p.p.m. and -46 p.p.m., respectively. In CH3OPFN (C2H 5) 2 where two fluorine atoms in PF3 are replaced by one OR and one N R2 group the effect on dp is slightly smaller than the sum of the individual effects of OR and NR2 groups. Also, in the cases where two fluorine atoms are replaced by either two OR or two N R2 groups, the effect is smal ler than twice the effect of replacing one fluorine by one of these groups. Moreover, on substituting three fluorine atoms by three NR2 or three OR 4 D . P u r d e l a , Rev. roum. Chim. 10, 949 [1965] ; D . P u r d e l a and R. V i l c e a n u , Chimia Compusilor Organici ai Fosforuli si ai Acizilor Lui, Editura Academii Republicii Socialiste Romania 1965, p. 411. 5 H. S. G u t o w s k y and J . L a r m a n n , J. Amer. diem. Soc. 87, 3815 [1965] . 6 J. H. L e t c h e r and J. R . v a n W a z e r , J. chem. Physics 44, 815 [1966] . 7 F . S e e l, K. R u d o l p h , and R . B u d e n z , Z. anorg. allg.
Chem. 341,196 [1965] . 8 R . S c h m u t z l e r , Chem. Ber. 98, 552 [1965] .
groups, the changes in dp are considerably less than the combined effects of single substitution by these groups. The non-additivity of the substituent effect on multiple substitution can be ascribed mostly to changes in the bond angles which have been shown to have a pronounced effect on dp 4-6. Trends simi lar to those observed in the 31P spectra are noticed for dF and 7p_p , as reported earlier 3. N.m.r. data for a number of alkyl-and arylfluorophosphines, R"PF3_W, are now available7-13. The dp values for difluorophosphines, RPF2, (ex tending over the range -190 to -250 p.p.m.) are amongst the most negative for any phosphorus com pounds. For monofluorophosphines, R 2PF, more positive dp values are consistently observed. For both RPF2 and R 2PF dp is more positive when R P re p a ra tio n of Com pounds obshchei Khim. 34, 1141 Khim. 34, [1964 . d There was m udi gas evo lution during the fluorination and the color of the reaction mixture turned black, e j . j . M cB ride, E. Ju n g e rm a n n , J. V. K illh e ffe r , and R. J. C lu t t e r , J. org. Chemistry 27, 1833 [1962] . f The preparative method was adopted from that described by Zh. M. Iv a n o v a and A. V. K irsan o v, Zhur. obshchei Khim. 35, 1974 Khim. 35, [1965 for the corresponding ethyl ester, C6H5P (0) (OC2H 5
) F. S This work (vide infra).
h By-products include C8H 5PO F2 and C6H 5P (0 )C 12 (n.m.r.), presumably originating from disproportionation of C6H 5P (O) CIF. i R. S ch m utzler, Inorg. Chem. 3, 410 [1964] ; i R. S ch m u tzle r, Inorg, Chem. 3, 421 [1964] . k Product recovered in small amount by preparative VPC. 1 Pre pared by addition of 72 g (1.6 moles) (CH3) 2NH in 150 ml petroleum ether to 156 g (0.8 mole) C6H 5P0C12 in 400 ml petroleum ether at 0 °C. B.p. 105 °C/0.2 mm. Anal.
Calc.: C 47.3 H 5.5 Cl 17.4 N 6.7, Found: C 47.4 H 5.7 Cl 17.6 N 6.6. IR: r p = o 1247 cm-1 (neat, between KBr plates. 31P n.m.r.: dp -40. G r a n t, Canad. J. Chem. 34, 1819 [1956] . y Reported b.p. = aryl, compared to the case where R = alkyl. This may be a consequence of the difference in electro negativity between sp3-and .sp2-hybridized carbon atoms 3>4. There is little such effect on $p , as is borne out by the virtually identical < 5 F values for CH3PF2 and C6H 5PF2 . <5p values for R 2PF and RPF2 , however, are characteristically different and always much more to high field for the difluoro compounds.
Tetracoordinate Phosphorus-Fluorine Compounds a) Fluorides of Phosphonic and Phosphinic Acids
and Their Thio Analogues: Data for some of the title compounds are given in Tables 3 and 4 . In the compounds of the type R 1R2P (:0 )F , $p is found to be fairly constant when R 1 and R 2 are alkyl groups. On the other hand, $p and /p_F are some what more dependent on the nature of the group R than (5p . When one of the alkyl groups is replaced by a phenyl group, <5p moves to higher field by ap proximately 10 -15 p.p.m. This is consistent with the observations on trivalent phosphorus-fluorine (i. e. <5p in RPF 2 vs. CcH5PF2) compounds, except that the magnitude is much smaller here. The same trend exists for the thio compounds.
In the R P ( :0 ) F 2 series, <5p is generally at higher field than in the R 1R 2P(:0)F series. This parallels the observations made on trivalent P -F com pounds 3, where is at much higher field in R 2PF than in RPF2 compounds. No regularity is noticed in the changes of (5r on successively replacing fluo rine atoms by R groups in P(:0)F3. The 31P chemical shifts in C6H5CH = CH -POF2 and 2,5-(CH3) 2C6H 3P(:0)F2 are the same within experi mental error, indicating that the ring current effect of the phenyl group on the phosphorus chemical shift is negligible and that only the hybridization of the carbon atom directly attached to the phos phorus influences (5p .
A comparison of Tables 3 and 4 reveals that <5p in the thio compounds is consistently lower than in their oxygen analogues, the difference varying from only 15 p.p.m. in the case of the triphenyl compounds to as much as 80 p.p.m. for the difluorophenyl compounds. On the other hand <3p is at higher field by about 10 p.p.m. in the thio com pounds with one fluorine atom while it is consistent ly higher by about 20 p.p.m. in the sulphur com pounds with two fluorine atoms. While for the monofluoro compounds, R 2P ( : 0 ) F and R 2P (:S )F , P -F coupling constants are virtually identical, they are higher by about 40 Hz in R P (:S )F 2 , compared to RP(:0)F2. An even larger difference of about 100 Hz is noticed for POF3 vs. PSF3, /p_f being larger in the latter compound.
b) Amide and Ester Derivatives Related to Fluo rides of Phosphonic Acids and Their Thio A na
logues: Data for a number of these compounds are listed in Tables 5 and 6 . As for the fluoro deriva tives of phosphonic and phosphinic acids listed in Tables 3 and 4 , a positive shift in (5p of about 15 p.p.m. is noticed when a P-alkvl group is re placed by a P-phenyl group in both the P = O and the P = S compounds, while only minor changes are noticed in <5p and / pf • In dimethylamino com pounds, $p is about 6 -10 p.p.m. more positive than in the analogous alkoxy compounds; a small increase in /pp is also noticed. The upfield shift of dP on replacing a P-alkyl by a P-phenyl group is also observed for the anions, [RP( :0) (F) (0) ] °. As noticed in other series, dp is significantly more negative in the P = S coumpounds, compared to the corresponding P = 0 compounds. dp is also lower in P = S compounds by about 15 -20 p.p.m., compared to the analogous P = 0 compounds. Chan ges in /p_F and /p_c-H are small and irregular.
c) Derivatives of Monofluorophosphoric Acid and
Its Thio Analogue (Table 7 ) : Again, a characteris tic decrease of dp is observed for the thio com pounds, compared to the corresponding P = 0 com pounds. As noticed previously, dp becomes more positive on substitution of NR2 by OR groups, and a distinctly more positive value of dp is observed for (C6H50) oP (0) F, as compared to the alkyl ana logues, ( R 0 ) 2P (0 )F . It may also be noted that P -F coupling constants for the thiono compounds for (PNF2) 3 , for example. As far as is known, the spectra of these compounds have not been analysed. Table 10 lists data for a variety of fluorophos phoranes of different degree of substitution. There is some regularity in <5p on successive substitution of fluorine atoms in PF5 by organic groups. For the parent compound, PF5 , for example, <5p is + 80.3 p.p.m., while it is of the order of + 50 p.p.m. in (aromatic) tetrafluorophosphoranes, and about 0 -40 p.p.m. in difluorophosphoranes. The only trifluorophosphoranes included in Table 10 (for data on further fluorophosphoranes, including tri fluorophosphoranes, see 2' 14) contain the phos phorus atom as part of a five-or six-membered ring system. This undoubtedly causes large changes in bond angles and, consequently, extreme <5p values. 19F chemical shifts gradually decrease, as fluorine atoms in PF5 are successively substituted with hydro carbon groups, and only (C2H5) 3PF2 and the hetero cyclic fluorophosphoranes do not follow this trend. Similarly, /p_f decreases, as the degree of substitu tion increases, except for the cases where phospho rus is part of a five-membered ring system.
Pentacoordinate Phosphorus-Fluorine Com pounds: Fluorophosphoranes
Rather smooth trends in < 5 P and are noticed in the series (C6H 5)"(C H 3) 3_"PF2 (n = 0, 1, 2, 3). Successive replacement of CH3 groups in (CH3)3PF2 by phenyl groups causes a rather constant increase in (5p ( ~ 12 -15 a JP-CH3 from XH n. m. r. regular increase of /p_F is noticed on successive substitution of methyl groups by phenyl groups in the series
-(C6h 5) 3p f 2 . ( Table 11) The hexacoordinate P -F species belonging to this section are anions, corresponding to the general formula On the other hand, the n.m.r. parameters for the cations [RPF(NRr2) 2] ® are typical of a tetracoordinate P -F species.
Hexacoordinate Phosphorus-Fluorine Compounds
Discussion and Conclusions
As noted in earlier work3, <3p in tricoordinate compounds, F2PX, increases as the electronegativity of the substituent atoms X increases. This behaviour is believed to be a consequence of changes in the paramagnetic term due to the variation in bond angles and hybridization of the phosphorus orbitals. In tetra-, penta-and hexa-coordinate compounds, <5p is also found to increase as the electronegativity of the substituents increases. However, these changes become smaller with increasing coordination num ber of phosphorus, as shown in Table 12 .
In each set of compounds involving phosphorus in the same coordination number the change in < 3 P on replacing a methyl group with a phenyl group is reasonably constant (c. f. effects are either negligible or small. Hence, the up held shift of (5p for the phenyl compounds, com pared to the corresponding alkyl compounds, may be rationalized mainly in terms of the difference in electronegativity between sp2-and sp3-hybridized carbon; n-bonding between phosphorus and sp2-hybridized carbon may also be considered (see also I . e . 16). The difference in electronegativity between oxy gen and sulfur is small and cannot explain the large downfield shift of (5P (as much as 70 to 80 p.p.m.) in P = S compounds, relative to the analogous P = 0 compounds in the tetracoordinate series. This large downfield shift can be ascribed mainly to an in creased (/-orbital contribution to the 71-bonding in the P = 0 compounds. The very small changes in Jp-Y between P = 0 compounds and their P = S ana logues also suggest that the effect of the small dif ference in electronegativity between oxygen and sul fur is not significant.
Another interesting observation in this study is the striking change, particularly in , and, less so, in / p _ f upon replacing R = CH3 for R = C,H5 in the series R 3PF2 . For example, (5p and 7 p _ f are + 4.8 p.p.m. and 542 Hz in (CH3) 3PF2 while these values are + 39.8 p.p.m. and 580 Hz in (CH3CH2) 3PF2 . This change is certainly unexpect ed, in view of the chemical similarity of the CH3-and CH3CH2-groups. Moreover, the difference in < 5 P between the two compounds is very small and with in experimental error. In fluorophosphoranes, phos phorus is in a trigonal-bipyramidal environment, the fluorine atoms always occupying axial sites14. Therefore, no significant increase in steric hin drance is expected in going from (CH3) 3PF2 to (C2H5) 3PF2 , as is illustrated by the minute differ ence in (5p between the two compounds. Another possibility might be that the position of the two fluorine atoms in the trigonal bipyramid differs from (CH3) 3PF2 to (C2H 5) 3PF2 . However, the dif ference between axial and equatorial P -F coupling constants is always much larger 17 than about 40 Hz 
P -F P -F
It can be seen from the data in Table 10 that, as the fluorine atoms of PF5 are successively substitut ed with other groups, dp in general gradually de creases from PF5 via RPF4 and R 2PF3 to R 3PF2 . Until recently no such regularity seemed to exist, as a value of dp = +35.1 p.p.m. for PF5 had been in the literature18. It has been recognized in the meantime, however, that this value was due to POF3 , and the new value of dp = + 80.3 p.p.m. 19 for PF5 ties in well with the dP values of the series R nPF5_n (n=l,2,3).
Re-investigation of Some Fluorides of Phosphonic
and Phosphinic Acids 1.
Cyclohexylphosphonic Difluoride. -This com pound was prepared by the fluorination of the cor responding dichloride with K S 0 2F in benzene and was characterized by elemental analysis20. A VPC check carried out subsequently revealed that the product consisted of two isomers in almost equal amounts which could readily be separated by pre parative gas chromatography. Mass spectroscopy confirmed that both had the composition C6Hn POF2 (calc. mol. wt. 168.15; found 168). 19F and 31P n.m.r. of the mixture also confirmed the presence of two components. A VPC investigation of the starting cyclohexylphosphonic dichloride revealed that it also contained two components, although in a ratio somewhat different from that observed in the fluorinated product.
n.m.r. (using careful integration) of the two separated C6H 11POF2 components confirmed their identity as 1-methylcyclopentylphosphonic difluoride and cyclohexylphosphonic difluoride. For the methylcyclopentyl compound, a clear 1 : 1 doublet was observed as a result of CH3 -P coupling ( / c h ,-P = 20 H z).
18 K. M o e d r i t z e r , L. M a i e r . and L. C. D. G r o e n w e g h e , J.
chem. Engng. Data 7, 307 [1962] . 19 L. M a i e r and R. S c h m u t z l e r , Chem. Commun. 1969, 961.
IR absorptions due to P = 0 (1336 cm-1) and P -F (903, 880 cm-1) vibrations of the separated products are superimposable and thus do not permit distinction of the two compounds.
19F and 31P n.m.r. data for the separated phos phonic difluorides are listed in Table 3. 2.
In the above-mentioned publication20, the pre paration of the two phosphinic fluorides, (n-C4H 9) 2P(0)F and (CH3) (C6H5)P (0 )F , was also reported. Both compounds were obtained as higher-boiling, minor by-products during the preparation of the corresponding fluorophosphoranes from diphosphine disulfides and SbF3 (1. c. 21) 3 R R 'P (S) P (S) RR ' + 6 SbF3 6 RR'PF3 + 2 Sb + 2 (R = R' = n-C4H9 and R = CH3; R' = C6H 5).
It has been suggested20 that formation of these phosphinic fluorides was due to the presence of trace amounts of water which will react with some of the trifluorophosphorane. Although both phos phinic fluorides were characterized by elemental analysis, the investigation of their 19F and 31P n.m.r. spectra clearly revealed the presence of two com ponents in each case which were identified as the corresponding phosphinic [R2P (0 )F ] and phosphinothioic [R2P(S)F] fluoride; the latter obvious ly being a by-product in the cleavage of the P -P bond of R 2P (S )P (S )R 2 by SbF3 . As has been well established, the boiling points of P = O and the ana logous P = S compounds frequently are very close, and do not permit a distinction between a phosphoryl and the corresponding thiophosphoryl com pound. Also, chemical analysis cannot sufficiently distinguish between R 2P(0)F and R 2P (S )F , espe cially if comparatively small amounts of the latter are present. Likewise, IR spectra of R 2P(0)F and R2P(F)S are nearly identical; the only marked dif ference being the presence of a characteristic P = 0 absorption in the former. a) (n-C4H 9) 2P ( 0 )F -A VPC check of a sample of this material several years after its preparation (stored in a glass vial) revealed a ratio (rc-C4H9) 2P (0 ) F : (n-C4H9) 2P (S )F of -1:4.
It appears that much of the (n-C4H 9) 2P ( 0 )F had been decomposed on storage in glass while the more 20 R. S c h m u t z l e r , J. inorg. nuclear Chem. 25, 335 [1963] . 21 R. S c h m u t z l e r , Inorg. Chem. 3, 421 [1964] . stable (n-C4H 9) 2P(S) F remained unchanged. The above ratio of the two components was confirmed by 19F and 31P n.m.r. spectroscopy (cf . Tables 3  and 4) . b) (CH3) (C6H 5) P (0 ) F -VPC revealed that the presumed (CH3) (C6H5) P (0 ) F, besides this compound, contained about 10% of the correspond ing thiono compound, (CH3) (C6H 5) P(S) F. Identi fication was by mass spectroscopy after separation of the components by VPC;
